Nasopharyngeal carcinoma (NPC) is a malignant tumor originating in the epithelium. Radiotherapy is the standard therapy, but tumor resistance to this treatment reduces the 5-year patient survival rate dramatically. Studies are urgently needed to elucidate the mechanism of NPC radioresistance. Epigenetics-particularly microRNAs (miRNA) and DNA methylation-plays an important role in carcinogenesis and oncotherapy. We used qRT-PCR analysis and identified an miRNA signature from differentially expressed miRNAs. Our objectives were to identify the role of miR24 in NPC tumorigenesis and radioresistance and to identify the mechanisms by which miR24 is regulated. We found that miR24 inhibited NPC cell growth, promoted cell apoptosis, and suppressed the growth of NPC xenografts. We showed that miR24 was significantly downregulated in recurrent NPC tissues. When combined with irradiation, miR24 acted as a radiosensitizer in NPC cells. One of the miR24 precursors was embedded in a CpG island. Aberrant DNA methylation was involved in NPC response to radiotherapy, which linked inactivation of miR24 through hypermethylation of its precursor promoter with NPC radioresistance. Treating NPC cells with the DNA-hypomethylating agent 5-aza-2 0 -deoxycytidine compensated for the reduced miR24 expression. Together, our findings showed that miR24 was negatively regulated by hypermethylation of its precursor promoter in NPC radioresistance. Our findings defined a central role for miR24 as a tumor-suppressive miRNA in NPC and suggested its use in novel strategies for treatment of this cancer. Mol Cancer Ther; 13(12); 3163-74. Ó2014 AACR.
Introduction
Nasopharyngeal carcinoma (NPC) is a nonlymphomatous squamous cell carcinoma (SCC) that occurs in the epithelial lining of the nasopharynx. This Epstein-Barr virus (EBV)-associated epithelial malignancy is prone to local invasion and early distant metastasis. NPC is prevalent in Southern China, especially in the Cantonese region around Guangzhou, where the incidence is approximately 30-80/100,000 persons per year (1) (2) (3) . Studies have shown that a variety of genetic, ethnic, and environmental factors contribute to the development of NPC (1, (4) (5) (6) . Radiotherapy is the standard treatment for NPC. However, the tumor often develops resistance to ionizing radiation (IR) and the relapse rate is as high as 82%, so radioresistance is a major cause of treatment failure (7, 8) , leading to incomplete cure, recurrence, or metastasis. Once NPC reoccurs or metastasizes, patients have a very limited 5-year survival rate. Therefore, understanding the mechanism of NPC radioresistance is urgently needed to improve the effectiveness of NPC therapy and patient survival rates.
The role of epigenetic modification, especially the microRNAs (miRNA or miRs) and DNA methylation, has been extensively explored in the pathogenesis of cancer (9) (10) (11) . First discovered as a mechanism of gene regulation in Caenorhabditis elegans, miRNAs are a class of endogenous noncoding RNA molecules about 22 nucleotides in length (12, 13) and may regulate more than 60% of genes in multicellular eukaryotes (14, 15) . miRNAs control gene expression by binding to the 3 0 untranslated region (UTR), 5 0 UTR, or coding region of mRNAs, leading to mRNA degradation or translational repression (16) . Many miRNAs exist in clusters, such as miR23$27$24. Three fourths of the miRNA genes in the database miRBase R19 are assigned to miRNA families (17) . 1 Of particular interest to us are the genomic loci miR24-1 and miR24-2, which encode the miR24 precursor transcripts pre-miR24-1 (MI0000080, from miRBase, located on chromosome 9q22.32) and pre-miR24-2 (MI0000081, chromosome 19p13.13). Processing of the precursor transcripts by the enzyme Dicer generates three mature miRNAs: miR24-3p (MIMAT0000080) from the 3 0 ends of both precursors, and miR24-1-5p (MIMAT0000079) and miR24-2-5p (MIMAT0004497) from the 5 0 ends of premiR24-1 and pre-miR-24-2, respectively. Many studies have indicated a central regulatory role for miRNAs in the initiation and development of NPC. However, the role of miR24 in NPC or therapy is still unknown.
DNA methylation plays a major role in the transcriptional silencing of certain genes but especially tumorsuppressive genes. Generally, the DNA methylation process is catalyzed by DNA methyltransferases (DNMT), mainly DNMT1 (maintenance DNMT) and DNMT3A and DNMT3B (de novo DNMTs), which use S-adenosylmethionine as a methyl donor to specifically methylate the fifth carbon atom of the cytosine ring (18) . Methylation-mediated silencing of tumor-suppressive genes, genome-wide DNA hypomethylation (which induces chromosomal instability), and spurious gene expression contribute to carcinogenesis (19, 20) . miRNAs harboring CpG islands can be directly targeted by DNA hypermethylation (21, 22) . Kozaki and colleagues (23) reported that miR199-5b was downregulated in medulloblastomas by methylation of a CpG island 3 kb upstream of the 5 0 site of the miR199b-5p promoter, and Vrba and colleagues (24) demonstrated that epigenetic mechanisms are involved in the regulation of miR200c/141 expression in both normal and cancer cells. The fact that the FDA has approved hypomethylating agents such as 5-aza-2 0 -deoxycytidine for use as anticancer agents indicate the potential for modification of DNA methylation in cancer treatment (25, 26) . Although studies have demonstrated the crucial role of DNA methylation in NPC carcinogenesis, the mechanisms by which DNA methylation contributes to NPC radioresistance have yet to be elucidated.
We previously established a radioresistant NPC cell line, CNE-2R, from the parental CNE-2 cell line by highand gradient-dose IR treatment. These two cell lines differed only in their sensitivity to irradiation but not other cytotoxic agents. We then used qRT-PCR (quantitative real-time PCR) analysis to search for miRNAs differentially expressed between CNE-2 and CNE-2R cells and identified a set of eight miRNAs, including miR24, that were significantly different (27) . The objectives of our study were to identify the role of miR24 in NPC tumorigenesis and radioresistance and to identify the mechanisms by which miR24 is regulated. Here, we used qRT-PCR to detect miRNA expression; cytosine-extension assay, methylation DNA immunoprecipitation sequencing (MeDIP-Seq), and methylation-specific PCR (MSP) to measure methylation status; and flow cytometry and Western blotting to assess the cell cycle, apoptosis, and protein expression. Our results support the idea of novel biomarkers for NPC and will facilitate the development of improved therapeutic approaches for patients with NPC.
Materials and Methods

Patient samples
NPC specimens were obtained from patients according to a study protocol approved by the institutional human tissue committee of the Cancer Center of Sun Yat-Sen University in 2011 and 2012. Full, informed consent was obtained from each patient before sample collection. Specimens were obtained by surgical resection and snap-frozen in liquid nitrogen. Primary NPC tumors from patients were diagnosed as NPC before any therapy, and recurrent NPC tumors were diagnosed as NPC reoccurring after radiotherapy. NPC primary and recurrent tissues were matched by sex and similar age. Information about these patients is provided in Supplementary Table S1 .
Cell lines and cell culture
Human NPC cell lines: CNE-1 (well differentiated) and CNE-2 (poorly differentiated) were purchased from the Cancer Center of Sun Yat-Sen University, China in 2006, and were not authenticated by us; CNE-2R cells (derived from the parental cell line CNE-2, radioresistant), were established by our group in 2009 (27) ; and HONE-1 cells (poorly differentiated) were a generous gift 2010 from Prof. Ronald Glaser (Ohio State University Medical Center, Columbus, OH) and were not authenticated by us. All cells were maintained in RPMI-1640 medium (Mediatech, Inc.) containing 10% FBS (Gibco) and 0.5% penicillinstreptomycin sulfate. Cells were stained with trypan blue and counted using the automated cell counter Countess (Invitrogen).
Quantitative real-time PCR
qRT-PCR was used to detect miRNA and H2AX expression. Cells were washed twice in cold PBS (ThermoScientific) before being harvested with TRizol (Ambion). A NanoDrop Lite spectrophotometer (Thermo Scientific) was used to measure the total RNA concentration and purity. For detection of mature miRNA, reverse transcription was performed to convert RNAs to cDNAs using a TaqMan miRNA reverse-transcription kit (Applied Biosystems) and miRNA-specific stem-loop reverse transcription primers by a thermal cycler (Bio-Rad) in one reaction. For H2AX detection, reverse transcription was performed using an ImProm-II transcription system kit (Promega). Finally, PCR reaction mixtures containing TaqMan universal master mix II or SYBR Green PCR master mix (for miRNA and H2AX, respectively) and TaqMan miRNA or gene expression assays (all from Applied Biosystems) were used according to the manufacturer's protocols (gradient S; Mastercycler, Eppendorf) with the software Realplex. Cycling variables were as follows: 50 C for 2 minutes and 95 C for 10 minutes followed by 40 cycles at 95 C (15 seconds) and annealing/extension at 60 C (1 minute). All reactions were performed in triplicate. Data were analyzed with 2 ÀDD C t for relative change in gene expression. U6 snRNA served to normalize miRNA values. GAPDH served to normalize H2AX values.
Colony-formation assay
The colony-formation assay was used to analyze cell growth after treatment with IR or miR24 mimic. NPC cells were plated onto 6-or 12-well plates after irradiation or miR24 mimic transfection. The medium was changed after irradiation for 24 or 48 hours after transfection. After 10 days, cell colonies were fixed with methanol, stained with 0.1% crystal violet, and scored by counting the number of colonies with an inverted microscope, using the standard definition that a colony consists of 50 or more cells. The inhibition ratios of colony formation were calculated as the ratio of the indicated treatment group to the control group: 100% Ã N t /N c , where N t is the colony number of the treatment group and N c is the colony number of the control group.
miRNA transfection
MirVana miR24 mimics or miRNA inhibitor (Ambion) was transfected into NPC cells to overexpress or inhibit mature miR24-3p. Exponentially growing NPC cells were plated onto 6-well plates using medium without antibiotics 24 hours before transfection. miR24 mimics, miRNA inhibitor, or scramble control (Ambion) was transfected using Lipofectamine 2000 (Invitrogen) as a carrier at a 1:1 ratio.
Flow cytometric analysis of cell cycle and apoptosis
Briefly, NPC cells were collected 48 hours after transfection with miR24 mimic or scramble control. Cells were stained with an Annexin V-FITC apoptosis detection kit I (BD Biosciences) and propidium iodide (PI; SigmaAldrich) according to the manufacturer's recommendations. For cell-cycle detection, cells were collected and fixed overnight at À20 C. Samples were measured with a FACScan flow cytometer (Becton Dickinson), and results were analyzed using FlowJo software.
Mouse model
Both flanks of 4-to 6-week-old male BALB/c athymic nu/nu mice were s.c. injected with 50 mL of 1.5 Â 10 6 NPC CNE-2R cells and 50 mL of Matrigel (BD Biosciences). Forty-eight hours later, all mice were transfected with miR-scramble (injected into the left flank) or with miR24 mimic (injected into the right flank) for 48 hours before injection. Tumors were measured on the fifth day after NPC cell injection, when tumors were palpable. Tumors were measured every other day with digital calipers, and tumor volume was calculated using the formula: mm 3 ¼ (L Â W 2 )/2. Mice were sacrificed on the sixteenth day after injection, when the some of the tumors reached the size limit set by IACUC. Mice were killed by CO 2 asphyxiation, and tumors were weighed after careful resection.
Irradiation
Radiation was performed using a Gammacell 1000 machine (Nordion), a 131 I irradiator at The University of Texas MD Anderson Cancer Center (Houston, TX). Cells were suspended in cell medium before irradiation. The irradiation rate was 283 rads/min.
Cell proliferation assay
The cell proliferation assay was used to evaluate cell viability with thiazolyl blue tetrazolium bromide (MTT; Sigma-Aldrich). Briefly, NPC cells were seeded into 96-well plates after irradiation in 200 mL of RPMI-1640. For 5-aza-2 0 -deoxycytidine treatment, cells were plated into 96-well plates 24 hours before 5-aza-2 0 -deoxycytidine was added. After the indicated incubation period, MTT (5 mg/mL) was added, the cells were incubated at 37 C for 24 hours, and 10 mL of the solubilization reagent 10% SDS was added to each well. Spectrophotometric absorbance of the samples was measured at 570 nm with a microplate reader (Molecular Devices) after an additional 4 hours of incubation. The inhibition ratios of cell survival were calculated as: 100% Ã N t /N c , where N t is the optical density of the treatment group and N c is the optical density of the control group.
Cytosine-extension assay
Cytosine-extension assay was performed to detect genome-wide methylation status as previously described by Pogribny and colleagues (28) . Briefly, genomic DNA was pretreated with HpaII (New England Biolabs) following the manufacturer's protocol. A second DNA aliquot incubated without restriction enzyme served as the background control. The single-nucleotide extension reaction was performed in a 25-mL reaction mixture containing 0. 
Methylated DNA immunoprecipitation sequencing
MeDIP-Seq was performed to compare alterations in the DNA methylation patterns in the CNE-2 and CNE-2R cell lines. Jacinto and colleagues (29) first reported this method for mapping methylation profiles to better understand the implications of methylation changes in the regulation of gene expression. Briefly, DNA was fragmented by ultrasonic waves, modified at the 3 0 terminal end by adding adenine using an Illumina paired-end DNA sample prep kit, and then denatured. The 5-methylcytosine antibody was then added for immunoprecipitation using a Diagenode magnetic methylated DNA immunoprecipitation kit to enrich methylated DNA fragments, which was followed up with high-throughput sequencing. Data were ultimately analyzed using standard bioinformatic analysis, which was performed for comparison with the personalized analysis (30) . In brief, sequencing data were filtered to get clean data, followed by a comparative analysis. The unique mapped reads (by an alignment analysis between MeDIP-seq data and the reference genome) were used to analyze the genome and the distribution of gene elements. A comparison analysis was performed for the peak coverage at different gene elements to identify the differentiated genes between two samples (P 0.05), followed by the Go and Pathway analyses (31) .
Methylation-specific PCR
MSP was performed to analyze the methylation of the miR24-1 promoter in NPC cells with or without irradiation. Briefly, DNA samples were extracted with a PureLink genomic DNA mini kit (Invitrogen), converted with an EpiTect bisulfite kit (Qiagen) following the manufacturer's protocol, and amplified by PCR using methylated and unmethylated specific primers for miR24-1. By bisulfite conversion, nonmethylated cytosines were transformed into uracils and methylated cytosines remained unconverted. PCR products were subsequently electrophoresed by 1.5% agarose gel stained with GelRed nucleic acid (Biotium) and finally exposed to UV radiation.
Two sets of miR24-1 primers were designed with MethPrimer software (32) : left methylated primer, ATTATGTGTTAGGAAAGGGAAAC; right methylated primer, CTATATACCGCCAACCCGTC; left unmethylated primer, ATTATGTGTTTAGGAAAGGGAAAT; and right unmethylated primer, ACAATCTATATAC-CACCAACCCATC.
Experiment with 5-aza-2
0 -deoxcycytidine The DNA-hypomethylating drug 5-aza-2 0 -deoxycytidine (Sigma-Aldrich) was used to verify the DNA methylation regulation of NPC cells. Briefly, NPC cells were plated onto 60-mm dishes or 96-well plates 24 hours before treatment with 5-aza-2 0 -deoxcycytidine. Acetic acid (50%) was used to dissolve the 5-aza-2 0 -deoxcycytidine, and the control group was treated with the same amount of 50% acetic acid as the 10 mmol/L 5-aza-2 0 -deoxcycytidine. RNA was isolated 96 hours after treatment with 5-aza-2 0 -deoxcycytidine to examine miR24 and H2AX expression.
Statistical analysis
Statistical analysis was performed using SPSS statistical software (Chicago). Data are presented as the mean AE SD. Statistical analyses were performed by one-way ANOVA when there were more than two groups. The Student t test was used when there were only two groups. The statistical significance level was set as P ¼ 0.05 (two-sided). Differences between groups were considered to be significant statistically when P 0.05.
Results
miR24 is involved in NPC radioresistance
The radioresistant NPC cell line CNE-2R was established with an escalating dose of IR over 12 months from the parental cell line CNE-2 ( Supplementary Fig. S1A ) before this study was initiated. We used microarray and qRT-PCR analyses to search for miRNAs differentially expressed in CNE-2 and CNE-2R cells ( Supplementary  Fig. S1B ). We identified 14 miRNAs whose expression differed by a factor of two or more (P < 0.01) between the two cell lines and designated the gene set as the radioresistant miRNA signature (Supplementary Table S2 ). qRT-PCR was performed to verify miRNA expression, and eight of the 14 miRNAs were identified to be significantly altered, where five miRNAs were downregulated (miR24, miR18a, miR19b, miR93, and miR103) and three miRNAs were upregulated (miR205, miR224, and let 7g) in CNE-2R cells (Supplementary Fig. S1C ; ref. 27) .
We next measured the expression levels of these eight miRNAs in six pairs of matched NPC patient samples. As shown in Fig. 1A (heat map) and 1B (bar graph), of all six pairs, only mature miR24 had consistently reduced expression (around 50%) in recurrent NPC tissues compared with primary NPC tissues. Therefore, we focused on investigating the potential role of miR24 in regulating the sensitivity of NPC to IR.
To investigate the involvement of miR24 in NPC radioresistance, we first examined the radiosensitivity of the NPC cell lines. As expected, after 24 hours of exposure to 4 Gy, the CNE-2R cell line maintained relative radioresistance: It retained 27% of its colonies whereas the CNE-2 cell line had only 3% of its colonies (Fig. 1C) . Interestingly, the HONE-1 cell line displayed a radioresistant phenotype compared with the CNE-1 cell line (Fig. 1C) . qRT-PCR demonstrated that the miR24 expression level was more than 50% lower in the NPC radioresistant CNE-2R and HONE-1 cells than in the CNE-2 and CNE-1 cells, respectively (Fig. 1D) . Our findings showed that miR24 was downregulated both in recurrent NPC tissue samples and in relatively radioresistant NPC cells, implicating miR24 in NPC radioresistance.
miR24 suppresses cell growth in vitro and reduces tumor growth in mouse models Because miR24 expression correlated positively with NPC radiosensitivity, we next investigated the role of miR24 in NPC by overexpressing miR24 using miR24 mimics ( Fig. 2A) . NPC cells transfected with miR24 mimics exhibited significant cell growth inhibition. Cell survival was greatly inhibited in all four NPC cell lines (CNE-2, CNE-2R, CNE-1, and HONE-1; Fig. 2B ). The relatively radioresistant cell lines CNE-2R and HONE-1 were much more inhibited than the CNE-2 and CNE-1 cell lines, respectively. We used the clonogenic assay to evaluate the oncogenic potential of this miRNA. Colony-formation ability was significantly suppressed in NPC cells by overexpression of miR24; CNE-2R cells in particular were completely suppressed with 30 nmol/L miR24 mimic (Fig. 2C) . Interestingly, both cell survival and clonogenic assay results revealed that the CNE-2R cell line was the most sensitive to miR24 overexpression.
Using flow cytometry, we next measured the rate of cell apoptosis in NPC cells overexpressing miR24. A significant induction of apoptosis was observed in both the early and late stages in a dose-dependent manner in all NPC cells transfected with miR24 mimics (Fig. 2D) . Consistently, cell apoptosis was induced the most in CNE-2R cells, indicating the best response of CNE-2R to miR24 overexpression. Cells were then stained with only PI for measuring the percentage of sub-G 1 cells (Fig. 2E) . A significant increase (P < 0.0001) in sub-G 1 cells was observed in all NPC cell lines (data not shown for CNE-2 and CNE-1 cells).
To confirm the role of miR24 in suppressing cell growth in vivo, the miR24 stably expressing NPC CNE-2R cells and the miR-scramble vector (control) were s.c. injected into the right and left flanks of mice, respectively. On days 12 and 16, the mean size of the tumors from mice injected with miR24-expressing cells was significantly smaller (67% and 74%, respectively) than that of mice injected with miR-scramble (Fig. 2F) . Taken together, the data suggested that miR24 expression of NPC CNE-2R cells is associated with tumor reduction. We found that miR24 inhibited the growth of NPC cancer cell xenografts. Taken together, these Figure 1 . miR24 expression is positively correlated with the sensitivity of NPC to IR. A, miRNA signature in NPC tissues. Heatmap of eight miRNAs expressed differentially in six pairs of matched NPC primary and recurrent tissues. Lowest expression is represented by green and highest expression by red. Data were normalized to the median value by log2 before mapping using software programs Cluster and TreeView. B, bar graphs of miR24 differential expression levels between the six pairs of matched NPC recurrent tissues compared with primary tissues, as determined by qRT-PCR. Raw data were analyzed with 2 ÀDDCt . U6 snRNA was used as an internal control. C, characterization of NPC cell lines. CNE-2, CNE-2R, CNE-1, and HONE-1 cells were exposed to IR (0, 2, or 4 Gy) and colony-formation assay was measured at 24 hours. In a dose-dependent manner, CNE-2R cells were more resistant to radiation than CNE-2 cells (left) and HONE-1 cells were more resistant than CNE-1 cells (right). The colony ratio (%) is relative to 0 Gy. Data, mean AE SD of three independent experiments. D, relative miR24 expression levels of NPC radioresistant cell lines (CNE-2R and HONE-1) compared with radiosensitive cell lines (CNE-2 and CNE-1) as determined by qRT-PCR. miR24 expression levels in CNE-2R and HONE-1 cells were normalized to those of CNE-2 and CNE-1 cells, respectively. Data, mean AE SD of three independent experiments; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. 
miR24 is a potential radiosensitizor in NPC cells
Considering the role of miR24 in NPC cells and the involvement of miR24 in NPC radioresistance, we hypothesized that miR24 can alter cellular sensitivity to IR in NPC. The cell cycle is a critical process during radiotherapy. Cells in the G 2 -M phase tend to be the most sensitive to irradiation among all the cell-cycle phases, whereas cells in the S phase tend to resist irradiation the most. Figure 2E showed a significant increase in the ratio of G 2 -M phase to S phase in HONE-1 and CNE-2R miR24-treated cells than in cells treated with control scramble miR (ratios, 2.3 and 2.5 vs. 1.7 and 1.8, respectively; P < 0.001 for each cell line).
As was shown in Fig. 2C , CNE-2 and HONE-1 cells were less sensitive to miR24 overexpression than were CNE-2R and CNE-1 cells, respectively. To determine the role of miR24 under IR, we combined IR with miR24 mimics to reassess colony formation. Our results showed that colony formation dropped from 84% to 18% in CNE-2 cells and from 86% to 14% in HONE-1 cells when treated with 2 Gy IR compared with scramble groups (Fig. 3A) .
Moreover, in miR24-overexpressing cells, compared with no IR, 10-Gy IR increased the rate of cell apoptosis from 1.24-to 2.10-fold in CNE-2R cells, from 1.17-to 1.45-fold in HONE-1 cells, from 1.48-to 1.77-fold in CNE-2 cells, and from 1.60-to 1.64-fold in CNE-1 cells (Fig. 3B) . These data indicate that, compared with the radiosensitive cell lines (CNE-2 and CNE-1), the radioresistant cell lines (CNE-2R and HONE-1) exhibit higher sensitivity under IR treatment when combined with miR24 mimics. These data demonstrated that miR24 could sensitize NPC cells to IR treatment.
Inhibition of miR24 expression increases H2AX in NPC cells
To reveal how miR24 functions in NPC, we inhibited its endogenous expression using an miR24 inhibitor. qRT-PCR revealed that the miR24 level was remarkably decreased in all four NPC cell lines, as we expected (Fig.  4A) . The histone variant H2AX is a key double-strand break (DSB) repair protein that has been proven to be a target of miR24 in HepG2 cells (33) . They demonstrated that miR24 upregulation reduces H2AX, and thereby renders them vulnerable to DNA damage. Consistent with their results, in our NPC model, H2AX was upregulated in a dose-dependent manner upon miR24 inhibition with increasing doses of the miR24 inhibitor in all four NPC cells (Fig. 4B ). This finding indicates a possible mechanism by which miR24 is involved in the response to radiotherapy of NPC cells, strongly supporting our hypothesis that miR24 is crucial in NPC radioresistance.
Hypermethylation of mir24-1 contributes to NPC radioresistance
It is well documented that radiation can induce global genome DNA hypomethylation, leading to genome instability (34) . However, the role of methylation in NPC radioresistance is still unknown. Thus, we evaluated whether differences in DNA methylation could be observed between CNE-2 and CNE-2R cells. The genome-wide methylation level was approximately 30% lower in CNE-2R cells than in CNE-2 cells (Supplementary Fig. S2 ), indicating that DNA methylation is indeed involved in NPC radioresistance.
To confirm the role of DNA methylation in NPC radioresistance, we next used MeDIP-Seq to analyze the methylation pattern of CNE-2 and CNE-2R cells. Our data showed that the methylation pattern of hundreds of genes had altered at the gene function elements, including the upstream 2K sequence, 5 0 UTR, coding sequence, intron, 3 0 UTR, and downstream 2K sequence ( Supplementary  Fig. S3A and Supplementary Table S3 ). We next analyzed the gene methylation patterns that differed between the two cell lines by Go and Pathway analysis. We found that these genes were involved in almost all biologic functions, including biologic processes, cellular components, and molecular functions (Supplementary Fig. S3B ). To be more specific, genes involved mainly in biologic regulation, cellular processes, metabolic processes, cell parts, and molecular binding were dysregulated in DNA methylation patterns. Clearly, altered DNA methylation is associated with NPC radioresistance.
Because both DNA methylation and miR24 appear to be associated with NPC radioresistance, we hypothesized that loss of miR24 in recurrent NPC is regulated by DNA methylation. Mature miR24-3p is cleaved from its precursor miR24-1 and miR24-2, which are located at chromosomes 9q22.32 and 13.13, respectively; only miR24-1 was embedded in a CpG island (Supplementary Fig. S4 ). We used MethPrimer software to analyze the CpG island area of the 2K upstream sequence of the miR24-1 promoter. From this analysis, we designed the primers for methylation detection in the region of the miR24-1 promoter by MSP.
Methylation status was measured in the two pairs of radioresistant and radiosensitive cell lines (CNE-2 and CNE-2R; CNE-1 and HONE-1). Interestingly, the miR24-1 promoter was hypermethylated in both radioresistant cell lines (CNE-2R and HONE-1) compared with the corresponding radiosensitive cell lines (CNE-2 and CNE-1, respectively; Fig. 5A ). Combined with our previous data shown in Fig. 1D , this finding revealed an inverse correlation between miR24-1 promoter methylation status and mature miR24 expression. We next measured the GAPDH served as an internal control. Data, mean AE SD of three independent experiments; Ã , P < 0.05; ÃÃ , P < 0.001; ÃÃÃ , P < 0.0001.
methylation status of the miR24-1 promoter and found that it was hypermethylated after IR treatment in a dosedependent manner in all four NPC cell lines (Fig. 5B ). These findings suggested that hypermethylation of the miR24-1 promoter is associated with the response of NPC cells to IR. In addition, a decrease level of miR24 expression was measured under IR treatment in a dose-dependent manner (Fig. 5C ), conforming the inverse correlation between miR24-1 promoter methylation status and miR24 expression under IR treatment.
5-Aza-2 0 -deoxycytidine treatment can increase miR24 expression in NPC cells
As we noted, mature miR24 was inversely correlated with the methylation status of the miR24-1 promoter, and this promoter was significantly hypermethylated after IR treatment. To better determine the regulation of miR24 by DNA methylation, we used 5-aza-2 0 -deoxycytidine to analyze the effect of demethylation on miR24. The reduced miR24 expression was compensated for by hypomethylation in a dose-dependent manner, which provided solid evidence that miR24 inhibition could be regulated by hypermethylation of its promoter (Fig. 6A) . Furthermore, inhibition of H2AX expression and NPC cell growth was observed after 5-aza-2 0 -deoxycytidine treatment and miR24 compensation, which was consistent with the role of DNA-damage repair in miR24-mediated function in NPC (Fig. 6B ) and the role of miR24 as a tumor-suppressive factor in NPC (Fig. 6C) . These findings indicated the regulation of miR24 by hypermethylation of the miR24-1 promoter in NPC.
Discussion
Recent demonstrations of differential expression of miRNAs in cancer and the function of some miRNAs as oncogenes (called "oncomiRs") or tumor-suppressive genes ("tumor-suppressive miRNAs") have spurred considerable interest in the elucidation of their roles in cancer. miR24, an abundant miRNA that is well conserved among species, has attracted much attention due to its important role in various biologic and pathologic processes, including cell proliferation, cell cycle, apoptosis, and differentiation. It is expressed in normal tissues such as adipose tissue, mammary gland, kidney, and differentiated skeletal muscles (35) ; however, it is dysregulated in cancer. Lin and colleagues (36) reported that miR24 was upregulated in oral SCC tissues, plasma, and cell lines in comparison with their normal counterparts, whereas Wu and colleagues (37) found that miR24 was downregulated in gastric cancer cells, indicating a dual role for miR24 in cancers. Indeed, the same miRNA can have different functions in different cancers. For example, miR24 promotes the proliferation of HuH7 hepatocellular carcinoma cells as well as A549 lung carcinoma cells but inhibits HeLa cell proliferation (38) , perhaps because the targets of miR24 differ by cancer type.
Our findings established, for the first time, that miR24 functions as a tumor-suppressor miRNA in NPC by inhibiting cell proliferation and promoting apoptosis, which is consistent with the studies of Lal and colleagues (39) and Mishra and colleagues (40) . In addition, we discovered that miR24 expression was decreased in both NPC radioresistant cells and recurrent NPC tissue samples, which suggested the involvement of miR24 in NPC radioresistance. To identify the role of miR24 in the effect of radiotherapy on NPC, we combined IR treatment with enhanced miR24 expression and found that miR24 radiosensitized NPC cells.
IR produces intermediate ions and free radicals that induce cell inactivation and cell death mainly through inflicting DNA DSBs. Nonhomologous end-joining is the major DNA repair pathway involved in the repair of DSBs after IR (41) . The histone variant H2AX is a critical molecule in the response to DSB and leads to DNA repair; H2AX is also a known target of miR24 (33) . Thus, overexpressing miR24 is expected to increase cell sensitivity to IR, which is one probable way that miR24 acts as a radiosensitizer in NPC. We assessed H2AX expression with miR24 inhibitors in the four NPC cell lines and discovered, as expected, that H2AX increased markedly after miR24 inhibition in all four NPC cell lines. All together, our data indicated that DNA-damage repair, cell apoptosis, and cell-cycle manipulation are all conceivable processes by which miR24 modulates response to NPC radiotherapy.
Global hypomethylation and aberrant hypermethylation of gene promoter CpG islands result in tumor cell genomic instability and gene silencing (particularly of tumor-suppressive genes), respectively (42) . During the last decade, the appearance of cancer-specific upstream region hypermethylation of miRNAs has been demonstrated to be an epigenetic mechanism for aberrant miRNA expression (15, 43) . Numerous reports have documented the mutual regulation between ectopic miRNA expression and aberrant DNA methylation, which was first confirmed in cancer research.
miRNA-encoding genes are both targets and regulators of methylation. On the one hand, ectopic miRNA expression could be regulated by DNA methylation primarily via hypermethylation of the promoter region of the miRNA gene (usually pointing to tumor-suppressive miRNAs). For instance, miR342 inhibition in colorectal cancer could be mediated epigenetically by hypermethylation of its promoter (44) . Another study reported that the DNA methylation inhibitor 5-aza-2 0 -deoxycytidine could induce miR127 expression in cancer cells, confirming that miRNA can be targeted by DNA methylation (45) . On the other hand, aberrant methylation could be manipulated by miRNA primarily through targeting DNA methyltransferases or DNA methylation-related proteins. miR29 (miR29-a, -b, or -c; also called "epi-miRNAs") can reverse aberrant methylation in lung cancer by targeting DNMT3A and DNMT3B (18) . Chen and colleagues (46) reported that miR373 could negatively regulate methyl-CpG-binding domain protein 2 directly in cholangiocarcinoma.
In our present study, we measured the genome-wide methylation level between CNE-2 and CNE-2R cells and showed that DNA methylation was approximately 30% lower in CNE-2R cells, indicating genomic instability after irradiation by DNA methylation alteration. We searched miR24 genes and found that only miR24-1 was embedded in CpG islands. MSP was subsequently performed to test the methylation level of the miR24-1 promoter, and the results revealed hypermethylation in both radioresistant NPC cells and NPC cells after IR treatment. In addition, miR24 was downregulated after irradiation, which was adversely correlated with the methylation status of its promoter. Furthermore, 5-aza-2 0 -deoxycytidine reversed the hypermethylation pattern and compensated for the miR24 inhibition. Taken together, our findings suggested that the mechanism by which miR24 mediates NPC radioresistance is regulated epigenetically by mir24-1 promoter hypermethylation.
Epigenetic modifications, particularly miRNAs and DNA methylation, have been gaining more and more attention due to their potential as therapeutic targets. First, miRNAs are very stable, even in body fluids such as plasma, serum, urine, and saliva (47) . Second, miRNAs have multiple functions and are involved in almost every physiologic and pathologic process, and thus clearly have crucial roles and potentially profound effects in cancer 0 deoxycytidine treatment are shown. Data, mean AE SD of three independent experiments. GAPDH served as an internal control. C, MTT assay results of NPC cell viability after treatment. Cell viability percentages are normalized to 0 mmol/L. Data, mean AE SD of three independent experiments. NS, not significant; Ã , P < 0.05; ÃÃ , P < 0.001; ÃÃÃ , P < 0.0001.
treatment. Third, cancer-specific miRNA signatures can be highly reproducible and independently predictive of clinical and biologic features of tumors, and thus very useful in improving treatment (48) . Lu and colleagues (49) successfully inhibited the tumorigenicity of NPC cells in nude mice in vivo by using lenti-miR26a as gene therapy. Moreover, the first miRNA-targeted drug, miravirsen, a locked nucleic acid-modified oligonucleotide, has gone through preclinical trials with primates (50) . Miravirsen has also been determined to be safe and well tolerated and to result in a significant dose-dependent decrease in hepatitis C RNA levels in patients (51) . In addition, some demethylating agents have been approved by the FDA as anticancer drugs. In conclusion, we have provided new insight into NPC treatment. Our findings defined a central role for miR24 as a potential tumor-suppressor miRNA in NPC and they suggested a use for miR24 in novel therapeutic strategies to treat this cancer.
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